In the present study the potential of bioethanol production using carbohydrate-enriched biomass of the cyanobacterium Arthrospira platensis was studied. For the saccharification of the carbohydrate-enriched biomass, four acids (H 2 SO 4 , HNO 3 , HCl and H 3 PO 4 ) were investigated. Each acid were used at four concentrations, 2.5 N, 1 N, 0.5 N and 0.25 N, and for each acid concentration the saccharification was conducted under four temperatures (40 °C, 60 °C, 80 °C and 100 °C). Higher acid concentrations gave in general higher reducing sugars (RS) yields (%, g RS /g Total sugars ) with higher rates, while the increase in temperature lead to higher rates at lower acid concentration. The hydrolysates then were used as substrate for ethanolic fermentation by a salt stress-adapted Saccharomyces cerevisiae strain. The bioethanol yield (%, g EtOH /g Biomass ) was significantly affected by the acid concentration used for the saccharification of the carbohydrates. The highest bioethanol yields of 16.32% ± 0.90% (g EtOH /g Biomass ) and 16.27% ± 0.97% (g EtOH /g Biomass ) were obtained in hydrolysates produced with HNO 3 0.5 N and H 2 SO 4 0.5 N, respectively.
Introduction
Today there is intensive research on the use of microalgae to produce biofuels. The main focus is given on species and improvements of cultivation conditions to produce microalgae rich in lipids for biodiesel generation. However, there is also an interest on the potential use of microalgae to produce biofuels through other biomass energy conversion technologies such as anaerobic digestion [1, 2] , thermochemical technologies [3, 4] and anaerobic fermentation [5] . Especially the latter is a biological technology in which the only substrate for fermentation is carbohydrates. With the exception of some microalgal species, which have high initial carbohydrates content, the majority of microalgae have relative low carbohydrates content. Consequently, microalgae have not much attracted the interest as substrate for bioethanol production [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
However, microalgal biomass composition can be manipulated by applying various stress cultivation conditions. Under stress conditions, such as nutrient starvation or high light intensity, some microalgal species accumulate carbohydrates in their biomass, which can amount to a significantly high level (a content of up to 65%) [16, 17] . In this sense, when Choi et al. [9] and Nguyen et al. [10] cultivated the green alga Chlamydomonas reinhardtii under high illumination of 450 μE/m 2 s and with the addition of acetic acid for pH regulation, they produced a carbohydrate rich biomass, with a carbohydrate content of about 60% of dry biomass. Likewise, Miranda et al. [14] and Ho et al. [18] cultivated Scenedesmus obliquus and Chlorella vulgaris, respectively, under nitrogen starvation conditions, which resulted also to accumulation of carbohydrates. In all these studies, the carbohydrate-enriched biomass was used for bioethanol production.
Arthrospira platensis is a filamentous cyanobacterium, with relative high growth rates. The typical carbohydrate content of A. platensis is 10%-20%, but under phosphorus limitation it accumulates carbohydrates that can reach 60%-65% of dry biomass. In addition, the carbohydrate-enriched biomass of A. platensis after nutrient limitation displays a fast bio-flocculation capability, which is a very useful characteristic for easily biomass harvesting [19] .
The limitation for microalgal carbohydrates applied to bioethanol production is that ethanologenic yeasts can ferment only simple sugars, such as glucose, fructose etc. Consequently, microalgal carbohydrates (sugar polymers) have first to be hydrolysed (saccharified) to simple sugars, so that they can be fermented by the ethanologenic yeasts [20] . Several hydrolysis methods have been developed and used for biomass carbohydrate saccharification. The most common method for hydrolysis of carbohydrates from e.g., cellulosic biomass, for bioethanol production is the use of enzymes. However, acid hydrolysis is also frequently studied [21] [22] [23] .
Microalgae have different cell wall structures from lignocellulosic land plants. Especially the lack of lignin in microalgae results in lower demand for harsh pre-treatments for releasing the biodegradable organic matter, as the case for lignocellulosic biomass. Typical A. platensis contains carbohydrates mainly in the form of structure components of cell walls (peptoglycans) and in the form of intracellular storage components (glycogen granules) [24] . A. platensis lacks lignin, hemicellulose and even cellulose [25] . Moreover, it seems that under nutrition limitation the accumulated carbohydrates are mainly in the form of intracellular storage compounds [26] . Consequently, without a lignocellulosic cell wall, the phosphorus-starved A. platensis would be easily compatible with the hydrolysis process.
This work aimed to investigate the potential of using carbohydrate-enriched biomass of A. platensis as substrate for the production of bioethanol through ethanolic fermentation. To the best knowledge of the authors, no published work exists in which the hydrolysis of cyanobacterial carbohydrate-enriched biomass has been investigated. Based on this fact, the study subsequently aimed to investigate the acid hydrolysis of carbohydrate-enriched biomass of A. platensis using four acids as hydrolyzing agents. The three major operational parameters which affect the acid hydrolysis process are temperature, acid concentration and reaction time [10] . Thus in the present study each acid had four concentrations and for each acid concentration the hydrolysis was conducted under four different temperatures. Since the substrates with the saccharified carbohydrates were not desalted, for the fermentation of the hydrolysates a salt stress-adapted Saccharomyces cerevisiae yeast strain was used.
Results and Discussion

Carbohydrates Hydrolysis
A. platensis is a cyanobacterium which is considered as a potential candidate for biomass production for biofuel generation. In the present study, carbohydrate-enriched A. platensis was produced in semi-continuous cultivation mode by applying phosphorus limitation, following a method which was developed and described in a previous study [19] . The biomass concentration of the produced A. platensis was steady for over two months and was about 2.0-2.2 g/L. In Figure 1 , the composition of the phosphorus-limited A. platensis is shown. In order to investigate the potential of the carbohydrate-enriched biomass of A. platensis to be used as feedstock for bioethanol production, the microalgal carbohydrates first had to be hydrolysed (saccharified). For the hydrolysis of the carbohydrate-enriched biomass, four acids (H 2 SO 4 , HNO 3 , HCl and H 3 PO 4 ) were used. Each acid had four concentrations (2.5 N, 1 N, 0.5 N and 0.25 N) and for each concentration the hydrolysis was conducted under four temperatures (40 °C, 60 °C, 80 °C and 100 °C).
The hydrolysis at 40 °C showed that even in concentration of 2.5 N after 48 h the RS yield did not get above 4% (data not shown). For all acids investigated at 60 °C the concentration of 2.5 N gave the (Figure 2 ). Among the acids, HCl had the highest RS yield; however the differences with the other acids were not statistically significant, except for H 3 PO 4 , which had a significant very low RS yield. At a concentration of 1 N, the highest RS yields of 94% and 98% was observed with HNO 3 and HCl, respectively, after 48 h, while the RS yields with H 2 SO 4 were significant lower. At 0.5 N the highest RS yield (59%) was observed with HNO 3 for 48 h, but its differences with H 2 SO 4 and HCl were not statistically significant. In comparison to the hydrolysis at 60 °C the RS yields at 80 °C were in general higher with higher rates (Figure 3 ). The highest RS yield of 98% was obtained at 90 min with 2.5 N HNO 3 , while H 2 SO 4 and HCl had almost the same RS yield given their best results after 3 h of reaction. H 3 PO 4 had also the lowest RS yield as at 60 °C, reaching its highest value (42%) after 48 h. At 1 N acids, except of H 3 PO 4 , RS yields reached almost the same values as the acids of 2.5 N. The acids HCl and HNO 3 reached their highest RS yields after 3 h, while treatment with H 2 SO 4 needed 24 h to reach its highest RS yield. At 0.5 N concentration, the acids HNO 3 and H 2 SO 4 gave slightly lower RS yields than 2.5 N and 1 N but needed more reaction time. . n = 9, bars are ± SD.
The RS yields at 100 °C ( Figure 4 ) had higher rates than at 80 °C, though the highest RS yields were, in general slightly lower but without statistical significance. Also at 100 °C the increase of acid concentration had a positive effect on the hydrolysis rates but did not affected or had a slightly negatively effect on the RS yields. Although the hydrolysis with 2.5 N had higher rates, at 1 N and 0.5 N the RS yields were the same and even higher (as in 1 N HNO 3 ).
The strength of the acid affected in general the overall hydrolysis ability. The lowest RS yields were obtained with H 3 PO 4 , which is a triprotic weak acid, while HNO 3 resulted in higher hydrolysis rates than HCl and H 2 SO 4 . The same acid effect on hydrolysis ability was also reported for sugar cane bagasse treated with HNO 3 , which resulted to higher hydrolysis rates in comparison to H 2 SO 4 and HCl [27] .
Since A. platensis lacks lignin and hemicellulose, it was hypothesized that the hydrolysis of its intracellular carbohydrates could be achieved under mild conditions. Therefore to investigate this hypothesis low temperatures (under 100 °C) were chosen for the acid-thermal treatment of A. platensis. The results indicate that the overall hydrolysis ability is a function of the combined action of acid concentration, temperature and reaction time. Higher acid concentrations resulted in general in higher hydrolysis rates. Although higher temperatures resulted in general in higher hydrolysis rates, the highest RS yields were obtained at 80 °C but considerably more reaction time was needed to achieve these yields. High temperature in combination with high acid concentration after prolonged reaction time resulted to RS yield reduction, probably due to sugar decomposition under these conditions. Such a sugar decomposition was also reported by Miranda et al. [6] ; in experiments on the acid hydrolysis of the microalga Scenedesmus obliquus, when the acid concentration was increased above 2 N the RS yields decreased significant. 
A second series of tests was conducted, in which two series of acid mixtures were used. On the one hand, the use of acid mixtures could decrease the need to add nutrients (such as nitrogen, phosphorus and sulfur) to fulfill the nutrient requirements for yeasts growth, but the main hypothesis behind this experiment was that the acids in the mixture may have an interaction and a synergistic effect and may result in higher hydrolysis rates and RS yields. However this hypothesis was not confirmed ( Figure 5 ). In general it was observed that in the mixtures in which HNO 3 participated with higher ratio the RS yields were higher and had higher rates in comparison to the mixtures, in which H 2 SO 4 participated with higher ratio. However, there were no statistical significant differences between the mixtures. In contrast, the combination of the level of the total acid concentration of the mixtures and the acid ratio, in some cases had a significant effect on the RS yields; mixtures with concentration 1 N and higher HNO 3 ratio had higher RS yields in comparison to the mixtures with concentration of 0.5 N and higher H 2 SO 4 ratio. Based on the above results, for the ethanolic fermentation experiments the hydrolysates derived from the hydrolysis at 100 °C using HNO 3 , H 2 SO 4 and HCl at concentrations of 2.5 N, 1 N and 0.5 N were used as substrate.
Bioethanol Yields
After the examination of the hydrolysis capability of the carbohydrates of A. platensis, the potential of the hydrolysates to be used as substrate for fermentative bioethanol production was studied. Hydrolysates derived from hydrolysis using acid at 0.25 N were not studied because of the very low RS yields. The highest bioethanol yield (% g EtOH/g dw biomass) was observed at acid concentration of 0.5 N. At this concentration, fermentation of hydrolysates with HCl as catalyst had the lowest bioethanol yield (13.41% g EtOH/g dw biomass), while hydrolysates with H 2 SO 4 and HNO 3 as catalysts had bioethanol yield of 16.27 and 16.32% g EtOH/g dw biomass, respectively (Table 1 ). In the hydrolysates with 1 N acids, the only acid as catalyst, in which fermentation could be performed was H 2 SO 4 , while hydrolysates with HNO 3 and HCl gave very low bioethanol production. At the concentration of 2.5 N in all acids used the bioethanol yield was very low (less than 0.5% g EtOH/g dw biomass). In the fermentation of hydrolysates using acid mixtures the bioethanol yields were very low at 1 N hydrolysates, while in 0.5 N hydrolysates the bioethanol yields were considerable lower in comparison to the respectively sole acids, ranging from 9.6 up to 11.6% g EtOH/g dw biomass (Table 1) .
Although the ethanologenic yeast used in this study was salt stress-adapted to thrive in an environment with high salt concentration, the hydrolysate's salt concentration in some cases was probably considerably higher than the capability of the yeast to thrive on it. The very low bioethanol yield at 2.5 N shows that the salt concentrations formed after pH adjustment to 4.5 were very high and resulted to inhibition of the growth and metabolism of the yeast. In case of 1 N, only hydrolysates with H 2 SO 4 as catalyst permitted ethanol production in adequate amounts. This is probably because H 2 SO 4 as a diprotic acid resulted in less salt formation after the addition of NaOH for pH adjustment ( Table 2) which indicated that at this salt concentration bioethanol could be produced. Table 1 . Bio-ethanol production from the hydrolysates from A. platensis. The duration of fermentation was 24 h. n = 9, ± SD.
Acid Acid concentration Ethanol yield (% g EtOH/g dw biomass)
Ethanol yield from theoretical values 1 (%) A negative relationship between electrical conductivity of the hydrolysates and the bioethanol yield was observed (Figure 6 ), i.e., the increase in electrical conductivity of the hydrolysates resulted in a decrease in bioethanol yield. At the specific temperature level (100 °C) that the hydrolyses were conducted, the relationship between these parameters is linear, however decreasing the acid concentration doesn't mean that the bioethanol yield will increase further. That is because lower acid concentrations will result to lower saccharification and RS yields (as in case of acids 0.25 N studied), resulting to an overall lower bioethanol yield. It is expected that temperatures above 100 ºC might allow using lower acid concentrations and consequently resulting to an overall higher bioethanol yields. Therefore more research is needed on the hydrolysis of the carbohydrate-enriched biomass of A. platensis at higher temperature levels.
Besides the salt stress on the yeast cells, several other inhibitors could be formed during the hydrolysis process, such as organic acids and furan derivatives (phenolic compounds are not expected due to the lack of lignin) [28] . However, at the biomass concentration examined in this study, it is expected that such as inhibitors would not be formed at concentrations that could affect negatively the fermentation process [6] . However, when higher biomass loads are used for hydrolysis, the possibility of formation of several inhibitors at levels which negatively affect the yeast growth, has to be taken into consideration [6] . The bioethanol yield results (up to 53%) underline that there is room for improvements. It seems that desalination of the hydrolysates could be an important option. Desalination could be achieved by using ion-exchange resins [11] or catalyst separation, exclusion and recovery [10, 29, 30] . However desalination is an expensive procedure and will contribute to the overall costs. Therefore research to find more salt tolerant yeasts or methods of adaptation of yeasts to high salt environments is needed.
In Table 3 , several selected studies are listed, in which microalgal biomass was used as feedstock for bioethanol production. To our best knowledge, this is the first time in which a cyanobacterium like A. platensis was cultivated under phosphorus limitation conditions to be used as feedstock for bioethanol production. This study shows that the use of the cyanobacterium A. platensis after its cultivation under phosphorus limitation [19] is a potential candidate for bioethanol production, showing satisfactory bioethanol yields. However, in order to determine the sustainability of such a process, detailed economic, energy and environmental assessment should be made. O. Enrichment of the carbohydrates was performed under phosphorus limitation cultivation applying phosphorus at amounts that correspond of 1.85 mg P/g biomass, as described in Markou et al. [19] . The dilution rate of the semi-continuous operation of the bio-reactors was set at 0.1 per day and the fresh medium was added every two days. The cultures were illuminated under continuous irradiation of 150 μE/m 2 s on both sides of the bioreactors. The light source was four cool white fluorescence tubes. Temperature was set at 30 °C (± 1 °C). The cultures were agitated with filtered air provided by a membrane pump.
Hydrolysis Conditions
Hydrolysis with Single Acids
A. platensis was harvested by filtration after settling and bio-flocculation for 30 min [19] . The filtrated biomass was re-suspended in deionized water in concentration of about 12-13 g/L. Aliquots (25 mL) of concentrated A. platensis were treated with acids. The acids used were H 2 SO 4 , HNO 3 , HCl and H 3 PO 4 . For each acid, four concentrations were examined, namely 2.5 N, 1 N, 0.5 N and 0.25 N. The treated biomass was closed on polypropylene tubes with screw caps and placed in a water-bath. For each acids concentration four temperatures were used, namely 40 °C, 60 °C, 80 °C and 100 °C.
Hydrolysis with Mixture of Αcids
In another experiment, mixtures of acids were studied. The mixtures were chosen so that the acids participate at the following ratios: (H 2 SO 4 :HNO 3 :HCl) 1.5:5.5:1, 2.5:4.5:1, 3.5:3.5:1, 4.5:2.5:1 and 5.5:1.5:1. Two series of experiments were conducted, in which the total acid concentrations of the mixtures were for the one series 1 N and for the other series 0.5 N. These experiments based on the observation of the results of the experiments with single acids, were conducted under 100 °C.
Fermentation Conditions
A. platensis hydrolysates were examined for their fermentation potential and bioethanol production. Based on the hydrolysis kinetics obtained from the hydrolysis series of tests, three acids (H 2 SO 4 , HNO 3 and HCl) and three concentrations (2.5 N, 1 N and 0.5 N) were chosen for further study. The time of incubation was 45 min, 90 min and 180 min for 2.5 N, 1 N and 0.5 N, respectively. For the fermentation of the hydrolysates using acid mixtures the hydrolysis temperature was 100 °C and the reaction time 90 min and 180 min for 1 N and 0.5 N, respectively. The hydrolysed biomass of A. platensis was subsequently adjusted to pH 4.5 (± 0.1) with NaOH. To the hydrolysates the following nutrients were added NH 4 
The resulted electrical conductivity after the adjustment of the hydrolysates to pH 4.5 for each acid and concentration is listed on Table 1 . The most used fermentative yeast for industrial process is Saccharomyces cerevisiae, because of a series of advantages and capabilities, such as good ethanol tolerance (up to 20%, v/v) and its capability to be growing rapidly in anaerobic conditions [31, 32] . In addition, S. cerevisiae can thrive in relative high salt concentration after its acclimatization by pre-cultivation under salt-stressed conditions. Therefore, to evaluate the potential of the hydrolysates for bioethanol production, the samples were inoculated with Saccharomyces cerevisiae MV 92081 (Martin Vialatte), which was pre-cultivated under salt stress [33] . The substrates were sterilized at 120 °C for 25 min. The inoculation was performed aseptically and the inoculated hydrolysates were incubated for fermentation at 30 °C (± 1 °C) for 24 h.
Analytical Methods
Total sugars (carbohydrates) were measured by the sulfuric-phenol method [34] , while reducing sugars were determined according to the 3.5-dinitrosalicylic acid (DNS) method [35] . In both methods D-glucose was used to make the standard curves. Bioethanol was measured by enzymatic method according to Prencipe et al. [36] , in which ethanol was used as the standard. All tests were conducted in triplicates. pH and electrical conductivity were measured with a Hach HQ40 portable meter. For all experiments fresh harvested biomass of A. platensis was used.
For the determination of the reducing sugars, the tubes were cooled on running tap water and a sample was pipetted out. The hydrolysates were neutralized with 6 N NaOH and centrifuged for 4-5 min at 7000-8000 rpm. The supernatant was diluted properly and was used for the determination of reducing sugars. Reducing sugars yield was calculated according to the following equation:
All experiments were conducted in triplicates and for each replicate three analyses were made. The values given are the average (± standard deviation, n = 9). Statistical analysis was performed using the analysis of variation (ANOVA) with the statistical software Statistica 8.0 from StatSoft (Tulsa, OK, USA). Statistical significance was set at α = 0.05.
Conclusions
Microalgal biomass is a potential feedstock for biofuel production. In particular carbohydrate-rich microalgae can be used for bioethanol production, but microalgal biomass in order to be used as feedstock for bioethanol production has first to be pre-treated so that the cellular carbohydrates are converted to fermentable sugars. Acid thermal treatment can be applied as a pre-treatment method. Increasing acid concentration and process temperature hydrolysis rates are improved. Nevertheless, the acid concentration and the resulting salt concentration of the hydrolysates affect the bioethanol production. At 0.5 N acid concentration the hydrolysates could be fermented by a salt stress-adapted S. cerevisiae yeast with a bioethanol yield of about 16% g EtOH per g of dry A. platensis biomass.
